Background--Late gadolinium enhancement magnetic resonance imaging is an effective tool for assessment of atrial fibrosis. The degree of left atrial fibrosis is a good predictor of atrial fibrillation (AF) ablation success at 1 year, but the association between left atrial fibrosis and long-term ablation success has not been studied.
C atheter ablation of atrial fibrillation (AF) represents an important strategy for maintaining sinus rhythm (SR) in patients with symptomatic AF. 1 However, successful maintenance of SR is challenging, and recurrence of AF after the procedure is common. [2] [3] [4] [5] A major predictor of long-term treatment success is the baseline severity of the left atrial (LA) fibrotic myopathy that underlies the AF. 6, 7 Late gadolinium enhancement magnetic resonance imaging (LGE-MRI) has been shown to be an effective tool for assessment and quantification of LA fibrosis. 8 In a multicenter prospective study (DECAAF [Delayed Enhancement-MRI Determinant of Successful Catheter Ablation of Atrial Fibrillation]), a high degree of atrial fibrosis, relative to a low degree of atrial fibrosis (Utah stage IV versus stage I), was shown to be independently associated with a >4-fold increased likelihood of recurrent arrhythmia within 1 year after AF ablation. 6 Several studies have reported the 5-year outcome of catheter ablation of AF [2] [3] [4] [5] or even the 10-year outcomes. 9 However, the predictive value of LA fibrosis, a marker of the severity of the atrial fibrotic myopathy, on long-term outcomes of AF ablation or need for subsequent ablations has not been examined. Therefore, the objective of this study was to characterize the long-term outcomes after AF ablation stratified by the quantity of LA fibrosis and determine the utility of LA fibrosis as an independent predictive factor of those outcomes.
Methods
The data, analytic methods, and study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure.
Study Design
A retrospective cohort study design was used to compare the association of recurrent atrial arrhythmias and Utah stages of LA fibrosis after catheter ablation. Patients who underwent LGE-MRI of sufficient quality for LA fibrosis assessment, and subsequently underwent AF ablation, were included in the analysis. The date of the ablation defined the index date, and a 90-day blanking period was used to allow for optimization of antiarrhythmic medications or reablation, as needed. Patients were followed up observationally until recurrence of atrial arrhythmia, reablation, death, last rhythm assessment, or 5 years from the index, whichever occurred first.
Patient Population
Patient data were obtained from the Atrial Fibrillation Research Registry at the Comprehensive Arrhythmia and Research Management Center, University of Utah (Salt Lake City, UT), between December 2006 and January 2010. This database has been previously described in detail. 10 Briefly, this registry is an observational, retrospective database of patients who undergo LGE-MRI as part of routine arrhythmia care at the University of Utah. The registry contains clinical and demographic data, extracted from electronic medical records, and is a particularly rich source of imaging, AF phenotype, ablation, and rhythm assessment data. Patients within the database were excluded from this study because of unquantifiable fibrosis (poor LGE-MRI image quality, LGE-MRI not performed, or LGE-MRI performed after the ablation procedure), <90 days of follow-up after ablation (blanking period), and catheter ablation to treat an arrhythmia other than AF. In addition, because LA fibrosis is likely a dynamic measurement that progresses with time, we excluded patients whose LGE-MRI occurred >90 days preablation. The database study protocol was reviewed and approved by the University of Utah Institutional Review Board and was Health Insurance Portability and Accountability Act compliant. Patient requirement for consent has been waived.
Ablation Procedure
The LA ablation procedure was previously described in detail. 11, 12 Briefly, a 14-pole catheter (TZMedical [Portland, OR] or Bard EP [Lowell, MA]) was used to record right atrial and coronary sinus electrograms and as the reference catheter for 3-dimensional electroanatomical mapping with CARTO 3 (Biosense-Webster, Inc, Diamond Bar, CA). Two transseptal punctures were performed under intracardiac echocardiography guidance using a phased-array catheter (AccuNav; Siemens Medical Solutions USA, Inc, Mountain View, CA). A circular mapping catheter (Lasso; Biosense Webster Inc) and a radiofrequency ablation catheter (ThermoCool NaviStar; Biosense Webster, Inc) were advanced into the left atrium for mapping and ablation. Radiofrequency energy was delivered with 50 W (30 mL/min open irrigation) at a catheter tip temperature of 50°C for a maximum duration of 15 seconds and was guided by electrogram abolition. Ablation lesions were placed in a circular manner in the pulmonary vein (PV) antral region until electrical isolation of the PVs was achieved. PV isolation (PVI) was successful in all patients acutely. Radiofrequency delivery was interrupted if the impedance increased suddenly or if a burst in microbubble density was seen by intracardiac echocardiography. Additional LA posterior wall ablation was performed as previously described. 11 Posterior wall debulking was performed in 90% of the patients, and a cavotricuspid isthmus ablation was performed in 11% of the patients. Bidirectional block across the cavotricuspid line was confirmed in all patients. The decision on the ablation strategy was at the operator's discretion.
Clinical Perspective
What Is New?
• This study shows that the degree of left atrial fibrosis predicts the long-term (up to 5 years follow-up) success of atrial fibrillation ablation.
• In addition, it identifies a group with high procedural failure rate of atrial fibrillation ablation attributable to advanced atrial fibrosis.
• The likelihood of repeated ablations increased as the degree of atrial fibrosis increased.
What Are the Clinical Implications?
• The degree of atrial fibrosis should be taken into consideration when discussing with patients the success of atrial fibrillation ablation and the likelihood of multiple ablations.
• Patients with advanced atrial fibrosis may not benefit from atrial fibrillation ablation, or new ablation strategies may be needed to improve the outcome in this subset of patients.
MRI Image Acquisition
MRI image acquisition was performed as previously described. 11, 12 Briefly, images were acquired with either a 1.5-T Avanto or a 3-T Verio clinical MRI scanner (Siemens Healthcare, Erlangen, Germany) using body and spine phasedarray receiver coils. Scans were performed %15 minutes after contrast agent injection (0.1 mmol/kg of Multihance; Bracco Diagnostic Inc, Princeton, NJ) using a 3-dimensional inversion recovery prepared, respiration-navigated, ECG-gated, gradient echo pulse sequence. The acquisition parameters were as follows: free breathing using navigator gating, a transverse imaging volume with a voxel size of 1.2591.2592.5 mm (reconstructed to 0.62590.62591.25 mm), inversion time=270 to 320 ms, and generalized autocalibrating partially parallel acquisition with reduction factor R=2. The other scan parameters for LGE-MRI at 1.5-T scanner were as follows: repetition time=5.2 ms, echo time=2.4 ms, and flip angle=20°. Scan parameters for LGE-MRI at 3-T scanner were as follows: repetition time/echo time=3.1/1.4 ms and flip angle=14°. Fat saturation was used to suppress fat signal, and an echo time of the LGE scan was chosen such that fat and water signals were approximately out of phase, resulting in a reduced signal intensity of partial volume fat-tissue voxels and improved delineation of the LA wall boundary. The inversion time was identified using an inversion time scout scan. ECG gating was used to acquire a small subset of phaseencoding views during the diastolic phase of the LA cardiac cycle. The time interval between the R peak of the ECG and the start of data acquisition was defined using cine images of the LA.
LGE-MRI Quantification of LA Fibrosis LA wall volumes were manually segmented from LGE-MRI images using the Corview image processing software (Marrek Inc, Salt Lake City, UT), as described later. The endocardial border of the LA and the proximal PVs was delineated by manually tracing the LA-PV blood pool in each slice of the LGE-MRI volume. Then, the endocardial segmentation was morphologically dilated and manually adjusted to create an assessment of the boundary of the epicardial LA surface. Finally, the endocardial segmentation was subtracted from the epicardial segmentation to define a wall segmentation, which was manually edited to exclude the mitral valve and PVs. Thus, the resulting LA wall segmentation included the 3-dimensional extent of both the LA wall and the antral regions of the PVs. Quantification of LA fibrosis was obtained using the methods previously described. 8 Briefly, to delineate regions of fibrosis in preablation LGE-MRI images, we defined enhancement through an intensity threshold. To assist this process, initial visualization used a volume-rendering tool in
Corview that allowed the operator to visualize the distribution of enhancement in 3 dimensions. A custom transfer function allowed the operator to define gradations of enhancements while suppressing blood and normal tissue. The quantity of fibrosis was categorized according to Utah stages of LA fibrosis.
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Outcomes
The primary outcome in this study was a recurrence of an atrial arrhythmia after an AF ablation. Recurrence after ablation was defined as a documented rhythm of atrial tachycardia/AF/atrial flutter or a repeated ablation after a 90-day blanking period. We also examined time to repeated ablation alone. Ablations of supraventricular tachycardia, premature atrial contractions, or right side only (cavotricuspid isthmus) were not considered to be recurrence or repeated ablation. Documentation of recurrence and repeated ablation was obtained through chart review of results from rhythm assessments (eg, 12-lead ECG, echocardiographs, or Holter/ event monitors) and provider (eg, electrophysiologist, cardiologist, and emergency department physician) notes stating that the patient had experienced a recurrence.
Statistical Analysis
We used means and SDs for continuous variables, and counts and percentages for categorical variables, to describe the distribution of baseline characteristics among patients stratified by Utah stage. Between-group differences in characteristics were assessed with ANOVA or v 2 tests, as appropriate.
The Kaplan-Meier method was used to calculate arrhythmia-free survival by Utah stage of LA fibrosis. Cox proportional hazard regression models were used to calculate univariable-and multivariable-adjusted hazard ratios (HRs) for time to recurrence associated with Utah stage and other clinical and demographic characteristics; Utah stage I served as the reference category in all models. All covariates considered to be potentially related to both the severity of fibrosis and recurrence of arrhythmia on the basis of prior research and clinical judgment were evaluated for inclusion in multivariable models. Four nested models were constructed. Model 1 included adjustment for patient demographics (age, sex, body mass index, smoking status, and AF type). Model 2 included the variables in model 1 and additional adjustment for comorbidities (heart failure, hypertension, diabetes mellitus, and stroke history). Model 3 included the variables in model 2 and additional adjustment for medication use (class I and III antiarrhythmic use, calcium channel blocker use, angiotensin-converting enzyme inhibitor or angiotensin II receptor blocker use, and b-blocker use.). Model 4, the fully adjusted model, included the variables in model 3 with additional adjustment for other laboratory and cardiac measurements (left ventricular ejection fraction, LA volume, LA area, left ventricular diameter, estimated glomerular filtration rate, and mitral valve regurgitation). A common rule of thumb in regression modeling is to include ≤10 predictor variables per observed outcome to avoid the risk of model overfitting. However, this number may be overly conservative, and may be relaxed to 5 to 9 outcomes, particularly to demonstrate adequate control of confounding. 13 Because model 4 includes <10 outcomes per predictor variable, the results of this model should be interpreted with caution and compared with the results from the more parsimonious models 1 to 3. We tested all models for proportional hazards, both for each model variable and globally, using a formal significance test based on the unscaled and scaled Schoenfeld residuals. No violation of this assumption was observed. Because the hazard during the blanking period is artificially 0 for all groups, day 90 was used as the start of follow-up in all Cox models. P values for linear trend across Utah stage were calculated by modeling the Utah stage as an ordinal variable in the Cox proportional hazard models. We further explored the relationship between LA fibrosis and risk of arrhythmia recurrence using natural cubic splines. A cubic spline graph with 3 knots was created by calculating a fully adjusted HR for time to recurrence associated with LA fibrosis modeled as a continuous variable, rather than as an ordinal variable. Ordinal logistic regression was used to associate Utah stage with the number of ablations experienced during the 5-year follow-up period.
All P values are 2 sided, and all analyses were performed using Stata, version 15.0 (StataCorp, College Station, TX).
Results
Patient Characteristics
A total of 308 patients met the inclusion criteria ( Figure 1) . Overall, the median duration of follow-up was 1.1 years (interquartile range, 0.5-3.0 years). The average patient age was 64.5AE12.1 years, and 63.4% were men. Of the patients, 67% had hypertension, 13% had heart failure, 15% had diabetes mellitus, and 22% had a prior transient ischemic attack or stroke; 25% were taking class IA or III antiarrhythmic drugs before ablation. The clinical characteristics of the study population, stratified by Utah stage and by the occurrence of censoring from the study before 5 years, are presented in Tables 1 and 2 
Arrhythmia-Free Survival After a Single Procedure
Overall, 157 patients experienced an arrhythmia recurrence during the 5-year follow-up period. The HRs for individual demographic and clinical factors relating to the time to arrhythmia recurrence are reported in Table 3 . In univariable analysis, LA fibrosis, tobacco use, paroxysmal AF (versus persistent AF), history of stroke, LA volume, LA area, and mitral valve regurgitation had statistically significant associations with arrhythmia recurrence. In multivariable analysis, the incidence of atrial recurrence was progressively higher as fibrosis increased (Figure 2 and Table 4 ). After full multivariable adjustment, patients with stage IV versus stage I had a statistically 
Repeated Ablation
Overall, at least one repeated ablation was performed in 106 patients (34.4%); multiple repeated ablations were performed in 16 patients (5.2%) ( Table 5 ). The likelihood of repeated ablations increased as fibrosis increased. Of 5 patients with stage IV fibrosis, 3 underwent at least one repeated procedure. Patients with stage IV fibrosis were 5 times more likely to have a repeated ablation performed than patients with stage I fibrosis. This relationship remained significant in the fully adjusted model.
Discussion
In this retrospective analysis of patients with quantified atrial fibrosis by LGE-MRI who underwent AF ablation, we demonstrated a strong association between the degree of atrial fibrosis and the long-term outcome of AF ablation up to 5 years postprocedure. To the best of our knowledge, the present study is the first to extend the finding that the degree of atrial fibrosis is associated with AF recurrence to beyond the first year postprocedure. The predictive value of atrial fibrosis on the outcome of AF ablation has been previously reported in short-term follow-up studies. A retrospective study performed in 426 patients with a follow-up of 1 year has shown a strong correlation between recurrent arrhythmias and the degree of atrial fibrosis (stage I, 21%; stage II, 29.3%; stage III, 33.8%; and stage IV, 71.4%). 14 In a multivariable analysis, the best predictors of ablation outcome were atrial fibrosis stage (HR, 4.89; P<0.0001) and diabetes mellitus (HR, 1.64; P=0.036).
14 Increased LA volume and persistent AF were not significant predictors when adjusting for fibrosis. 14 The DECAAF study, a multicenter prospective study, has reported the association between the amount of atrial fibrosis and arrhythmia recurrence after AF ablation at 475 days in 272 patients. 6 Arrhythmia recurrences were significantly associated with the degree of atrial fibrosis on presentation (stage I, 15%; stage II, 36%; stage III, 46%; and stage IV, 69%). 6 In a multivariable analysis, atrial fibrosis was the only variable that was significantly associated with arrhythmia recurrence post-AF ablation. 6 Another study performed in 165 patients with a follow-up of 10.2AE5.7 months has shown that baseline LGE extent was independently associated with AF recurrence after adjusting for confounders (HR, 1.5 per 10% increased LGE; P<0.001) and that the HR for AF recurrence progressively increased as a function of LGE extent. 15 Other studies have reported long-term outcomes without examining the predictive value of atrial fibrosis. A retrospective study performed in 100 patients with a 5-year follow-up showed that an arrhythmia-free survival rate after a single catheter ablation procedure was 29%, whereas arrhythmiafree survival after the last catheter ablation procedure was 63% at 5 years. 2 The median number of procedures per patient was 2. 2 The recurrence rate was higher in patients with long-standing persistent AF than those with paroxysmal or persistent AF (HR, 1.9; 95% CI, 1.0-3.5; P=0.0462).
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Valvular heart disease (HR, 6.0; 95% CI, 2.0-17.6; P=0.0012) and nonischemic dilated cardiomyopathy (HR, 34.0; 95% CI, 6.3-182.1; P=0.0001) were independent predictors of recurrences.
In a retrospective study, examining time to the outcome of long-standing persistent AF ablation in 202 patients with 56 months of follow-up (range, 49-67 months), the success rate was 20% and 45% with single and multiple ablation procedures, respectively. 4 PVI was the initial ablation strategy, whereas additional ablation was performed if direct current cardioversion failed after PVI. Persistent AF duration was an independent predictor of arrhythmia recurrence (HR, 1.09; 95% CI, 1.04-1.13; P=0.001). In addition, acute PVI responders had a reduced risk of recurrence (HR, 0.57; 95% CI, 0.41-0.78; P=0.001) after the first ablation. Scherr et al 5 reported arrhythmia-free survival rates after a single procedure of 35.3%, 28.0%, and 16.8% at 1, 2, and 5 years, respectively, in a retrospective study performed in 150 patients with persistent AF. The goal of AF termination with a stepwise ablation approach (PVI, electrogram guided, and linear ablation) was achieved in 120 patients (80%). A repeated ablation was performed for recurrent AF or atrial tachycardia. The reported arrhythmia-free survival rates after the last procedure (mean, 2.1AE1.0 procedures) were 89.7%, 79.8%, and 62.9%, at 1, 2, and 5 years, respectively. These studies report different ablation strategies that may modify the success of one or multiple procedures. When ostial PVI and cavotricuspid isthmus ablation were used, the arrhythmia-free survival rate after a single catheter ablation procedure was only 29%. 2 LA linear ablation of the roof and mitral isthmus, generally performed in patients with persistent, long-standing AF and recurrent cases, resulted in an arrhythmia-free survival after the last catheter ablation procedure of 63% at 5 years. 2 PVI combined with electrogram-guided ablation of LA and RA with the goal to achieve SR was reported to have a success rate of 27% and 79% with a single procedure and multiple procedures, respectively, at 5 years in patients with persistent AF. 3 Linear ablation was selectively performed only in patients who organized to macro-reentrant arrhythmia. reported to have a success rate of 20% in patients with longstanding, persistent AF. 4 Repeated ablation strategy included reisolation of PVs, atrial tachycardia ablation, and CFAE in patients with failed direct current cardioversion after reisolation of PVs or patients with no PV reconnection, which resulted in a success rate of 45% at 5 years. 4 A stepwise ablation strategy with the end point of AF ablation, including PVI, cavotricuspid isthmus line, and electrogram-based ablation of LA, followed by coronary sinus, roofline, mitral isthmus line, and electrogram-based ablation of RA, had a success rate of 16.8% at 5 years with a procedure despite 80% conversion to SR during ablation. 5 Arrhythmia-free survival after the last catheter ablation procedure improved to 62.9% at 5 years.
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These studies suggest the success rate of AF ablation is low with one procedure regardless of the ablation strategy at 5 years, but it can be improved with multiple ablations. frequently but not always defined as <0.5 mV, have been used as a surrogate for atrial fibrosis. Low-voltage areas were shown to be a predictor of AF recurrence after PVI, and lowvoltage area-based substrate modification along with PVI was shown to improve outcomes in patients with persistent AF. [20] [21] [22] New ablation strategies, perhaps involving substrate modification, may be needed to improve the long-term outcomes of AF ablation.
Limitations
This is a retrospective study from one center. Although this study demonstrated an association between atrial fibrosis and arrhythmia recurrence after AF ablation, it is not currently known whether a modification of the ablation strategy to include targeting of areas of fibrosis may result in improvement of clinical outcomes. This hypothesis will be tested in the upcoming DECAAF II clinical study. As with other studies of LA fibrosis that is quantified via LGE-MRI, the results herein can only be applied to patients who are able to obtain an LGE-MRI with sufficient quality to quantify fibrosis.
LGE-MRI of LA for fibrosis/scar visualization continues to be a nontrivial MRI examination. This imaging technique requires well-trained MRI personnel, modern MRI equipment, and specialized pulse sequences and scan protocols. In comparison with conventional LGE-MRI of the left ventricle, LGE-MRI of LA requires significantly better spatial resolution, patient-specific optimization of scan parameters, strict requirements on contrast dose, and delay between contrast injection and image acquisition. 23, 24 The DECAAF multicenter (15 centers) study has demonstrated that LGE-MRI of LA can be successfully used in clinical centers with various degree of expertise in cardiac MRI. 6 Bois et al have reported a low incidence of LA enhancement in patients with AF, but their MRI techniques involved significant differences: significantly lower spatial resolution, image acquisition during a significantly longer proportion of the cardiac cycle, and acquisition with a higher gadolinium dose and a shorter imaging delay. 25 In developing our cohort, 63 patients were excluded because they did not undergo LGE-MRI and 32 were excluded because the image quality was too poor to quantify fibrosis. Although LGE-MRIidentified LA enhancement has been correlated with atrial fibrosis by histological characteristics in human biopsy specimens, inflammation cannot be completely excluded as a source of LGE.
Conclusions
The degree of LA fibrosis is a strong predictor of the long-term maintenance of SR after AF ablation. Future research is needed to develop an optimal technique for improving outcomes in patients with high degrees of atrial fibrosis.
